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Abstract 
Herein we have employed OM2/MRCI-based full-dimensional nonadiabatic dynamics 
simulations to explore the photoisomerization and subsequent excited-state decay of a macrocyclic 
cyclobiazobenzene (CBA) molecule. Two S1/S0 conical intersection structures are found to be 
responsible for the excited-state decay. Related to these two conical intersections, we found two 
stereoselective photoisomerization and excited-state decay pathways, which correspond to the 
clockwise and counterclockwise rotation motions with respect to the N=N bond of the azo group. 
In both pathways the excited-state isomerization is ultrafast and finishes within ca. 69 fs; but, the 
clockwise isomerization channel is much more favorable than the counterclockwise one with a 
ratio of 74% vs. 26%. Importantly, the present work demonstrates that stereoselective pathways 
exist not only in the photoisomerization of isolated azobenzene-like systems but also in 
macrocyclic systems with multiple azobenzenes (ABs). This finding could provide useful insights 
for understanding and controlling the photodynamics of macrocyclic nanostructures with AB units 
as the main building units. 
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INTRODUCTION  
Azobenzene (AB), as one of the most studied photoswitchable compounds, has various potential 
applications ranging from photopharmacology via optochemical genetics to data storage because 
it is easily synthesized experimentally and highly stable, and presents high extinction coefficients 
and isomerization quantum yields.1–4 Owing to its importance, in the past decade, many AB 
derivatives have been synthesized and applied in optical switches, reversible nanostructures, 
molecular machines, etc.5–14 To get in-depth atomistic insights, computational studies have also 
been carried out, in companying with experimental studies, to explore photoinduced isomerization 
reactions and related dynamics of AB and its variants in the gas phase, in various solutions, and 
linked to peptides and nucleic acids.15–43 Nevertheless, most of previous experimental and 
computational studies are mainly focused on isolated AB and linearly linked ABs in complex 
surroundings.44-47 
 
Figure 1. Our studied cyclobiazobenzene molecule in which two azobenzene units are linked by 
the covalent bonds. 
In recent years, photoswitchable macrocyclic systems with multiple ABs have been explored 
experimentally because of their potential applications in supramolecular chemistry, molecular 
machines, etc.6,48-51 These AB units are usually linked by chemical bonds, which thus leads to 
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remarkable steric interaction and ring strain. Very recently, Slavov et al. have employed time-
resolved absorption spectroscopy to explore the excited-state dynamics of a macrocyclic 
biazobenzene molecule (CBA) as shown in Figure 1.52 They found that upon continuous excitation 
on the most stable (Z,Z) isomer of CBA, it does not generate either (Z,E) or (E,E) isomers. This is 
ascribed to a very fast thermal back-isomerization of the (Z,E) isomer induced by large ring strain 
that is caused by the ultrafast excited-state photoisomerization process. This fast back reaction 
prevents the accumulation of both (Z,E) and (E,E) isomers. They have found that the individual 
AB unit still undergoes an ultrafast cis-trans photoisomerization in spite of the existence of strong 
steric hindrance. This interaction also breaks the molecular symmetry and finally gives rise to an 
enhanced adsorption intensity for the weak 1nπ* singlet state. The experiments also indicate that 
both 1nπ* and 1ππ* singlet states of the (Z,Z) isomer of CBA have similar kinetics, and the main 
photoisomerization is completed within about 200 fs, followed by a ground-state cooling process. 
Although TD-DFT calculations have qualitatively rationalized some experimental phenomena, the 
photoisomerization and excited-state decay dynamics of this CBA molecule is far from a complete 
understanding, and it has not been explored by full-dimensional nonadiabatic dynamics 
simulations until now. In this work, we fill this knowledge gap and aim at exploring the CBA 
photoisomerization dynamics starting from its (Z,Z) conformer upon excitation to its weak 1nπ* 
singlet state. Based on our “on-the-fly” dynamic simulations, we have identified the excited-state 
photoisomerization and excited-state decay mechanism. Moreover, our results reveal, for the first 
time, two stereoselective excited-state decay pathways in this macrocyclic CBA system. 
COMPUTATIONAL DETAILS 
Ground-state conformers of CBA are first optimized using the density functional theory (DFT) 
method1 with the globally hybrid B3LYP exchange-correlation functional.53-57 The 6-31G* basis 
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set is employed for all DFT computations,58,59 which are carried out using GAUSSIAN09.53,60,61 
Minima, conical intersections, and minimum-energy potential energy profiles in the S0 and S1 
singlet states are optimized using the OM2/MRCI method, which has been extensively 
demonstrated to be very accurate for the description of the excited states of azobenzene and its 
variants. 32,35,40,62-64 
All semi-empirical calculations were performed using the MNDO99 code.65-68 During geometry 
optimizations and dynamics simulations, all required energies, gradients, and nonadiabatic 
coupling elements were computed analytically. Minimum-energy conical intersections were 
optimized using the Lagrange-Newton approach.69,70 In the OM2/MRCI calculations, the restricted 
open-shell HF formalism is applied in the self-consistent field (SCF) treatment. The active space 
in the MRCI calculations includes 8 electrons in 6 orbitals (see Figure S1). In terms of the SCF 
configuration, it comprises the 4 highest doubly-occupied orbitals and the 2 lowest unoccupied 
orbitals. For the MRCI treatment, three configuration state functions are chosen as references, 
namely the SCF configuration and the two closed-shell configurations derived therefrom (i.e., all 
singlet configurations that can be generated from HOMO and LUMO of the closed-shell ground 
state). The MRCI wavefunction is built by allowing all single and double excitations from these 
three references.  
The S1 nonadiabatic dynamics simulations are studied by performing 300 fs OM2/MRCI 
trajectory surface-hopping simulations.71-83 The initial atomic coordinates and velocities for the S1 
photodynamics simulations are randomly selected from a 10 ps canonical molecular dynamics 
trajectory in the ground state. The numbers of excited-state dynamics runs are then chosen 
according to the computed S0-S1 transition probabilities. A total of 425 surface-hopping 
trajectories are run for the S1 photodynamics, with all relevant energies, gradients, and 
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nonadiabatic coupling vectors being computed on-the-fly as needed. For points with an energy gap 
of less than 10 kcal/mol, the fewest-switches criterion is applied to decide whether to hop. The 
time step is chosen to be 0.1 fs for the nuclear motion and 0.0005 fs for the electronic propagation. 
The unitary propagator evaluated at mid-point is used to propagate the electronic motion. The 
translational and rotational motions are removed in each step. The empirical decoherence 
correction (0.1 au) by Granucci et al. is employed.84 The final evaluations are done for 417 
trajectories that finish successfully in the photodynamics and that satisfies our energy continuity 
criterion and total energy conservation criterion (absolute energy difference less than 2 kcal/mol 
in 99.794% of time steps; see Figure S2-S4). The adapted time step by Thiel et al. will be used to 
treat the energy continuity issue in the future.85 Further technical details are given in previous 
publications.86-95 
RESULTS AND DISCUSSION 
In the S0 state, there are three main stable structures with respect to the trans and cis 
conformations of the two azo groups, which are referred to as S0-ZZ, S0-ZE, and S0-EE. Since 
we are mainly focused on exploring the photoinduced excited-state relaxation dynamics from the 
most stable S0-ZZ structure, only S0-ZZ and S0-ZE structures are heavily relevant and, therefore, 
optimized at the OM2/MRCI level, as shown in Figure 2. In S0-ZZ, both N3-N4 and N3’-N4’ 
bond lengths are calculated to be 1.191 and 1.191 Å and the C2N3N4C5 and C2’N3’N4’C5’ 
dihedral angles are 2.6° and 2.6° at the OM2/MRCI level, respectively. In S0-ZE, the bond length 
of the N3-N4 bond that is still in the cis conformation is estimated to be 1.192 Å; while, that of the 
N3’-N4’ bond, which has already isomerized into the trans conformation, is increased to 1.214 Å. 
Remarkably, the C2N3N4C5 and C2’N3’N4’C5’ dihedral angles are estimated to be 5.6° and 
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143.6°, respectively. The strong strain interaction makes these dihedral angles deviate from their 
typical values, 0° in the cis conformation and 180° in the trans one, observed in AB variants 
without external strain effects. 
 
Figure 2. (Top panel) Stable (Z, Z) and (Z, E) conformers referred to as S0-ZZ and S0-ZE; (bottom 
panel) minimum-energy S1/S0 conical intersections referred to as S1S0-1 and S1S0-2. Also shown 
are selected geometric parameters optimized at the OM2/MRCI level.  
At the Franck-Condon region, the first excited singlet state is of 1nπ* character and is mainly 
composed of the HOMO-LUMO electronic configuration. The vertical excitation energy is 75.0 
kcal/mol and the corresponding oscillator strength is 0.10 at the OM2/MRCI level. Compared with 
that of isolated AB molecule, the oscillator strength of the 1nπ* singlet state in CBA is comparably 
enhanced, which is consistent with recent experimental observation.52 
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Two S1/S0 minimum-energy conical intersections (MECIs) relevant to the cis-trans 
photoisomerization of the N3’-N4’ azo group of CBA are optimized at the OM2/MRCI level and 
are referred to as S1S0-1 and S1S0-2 in Figure 2. These two MECI structures are all related to the 
N3’-N4’ azo group; however, they have different C2’N3’N4’C5’ dihedral angles, which are 90.3° 
in S1S0-1 and -89.7° in S1S0-2. At the OM2/MRCI level, both of them have similar potential 
energies, 54.6 and 56.3 kcal/mol. Nevertheless, their dynamical roles in the excited-state relaxation 
dynamics are different (see below). 
To gain insights into time-dependent excited-state properties, e.g., the S1 lifetime, the excited-
state deactivation channels, and the interplay of the competitive excited-state channels, we have 
performed hundreds of nonadiabatic surface-hopping dynamics runs (417 successful trajectories 
out 425 ones). Our simulations are carried out at the semi-empirical OM2/MRCI level, which has 
been demonstrated accurate enough to simulate the topological structures of the S0 and S1 potential 
energy surfaces of AB variants in many previous studies.32,35,40,62-64 In our simulations the S1 state 
is chosen as the initially populated excited singlet state.   
The left panel of Figure 3 shows the distribution of the two dihedral angles relevant to the cis-
trans photoisomerization at all the S1→S0 hopping points as well as at the initial Franck-Condon 
region. All trajectories start from the S0-ZZ Franck-Condon region, where both C2N3N4C5 and 
C2’N3’N4’C5’ dihedral angles are around 0°. Interestingly, one can see that there are four hopping 
regions (in red and blue in the left panel of Figure 3).  It should be noted that the photoisomerization 
channel related to the N3N4 azo group is essentially the same as that related to the N3’N4’ azo 
group due to the molecular symmetry, so these four hopping patterns actually correspond to two 
different hopping channels, which are separately related to the two S1/S0 conical intersection 
regions, namely S1S0-1 and S1S0-2 discussed above.  
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Figure 3. Distributions of (left) the selected geometric parameters at the S1→S0 hopping points 
and (right) the corresponding hopping times. See text for discussion. 
It is a clockwise motion from S0-ZZ to S1S0-1 because the C2’N3’N4’C5’ dihedral angle 
changes from 8.6° in S0-ZZ to 90.3° to S1S0-1; whereas, it is a counterclockwise from S0-ZZ to 
S1S0-2 because this dihedral angle changes from 8.6° in S0-ZZ to -89.7° to S1S0-2. It is natural 
to ask which channel plays a more important role in the excited-state relaxation process. This 
question is answered by the right panel of Figure 3, from which one can find that the clockwise 
excited-state deactivation channel via S1S0-1 is more favorable than that via S1S0-2, by 74% vs. 
26% in terms of our nonadiabatic dynamics simulations. This ratio is close to that observed in AB 
molecule but smaller than our recently studied azobenzene-like molecule.96 It should be also noted 
that the photoinduced unidirectional motion has been observed in many recent works.97-100  
To understand why the first channel via S1S0-1 is preferred dynamically, the S1 minimum-
energy relaxation paths from S0-ZZ to either S1S0-1 or S1S0-2 are calculated at the OM2/MRCI 
level. As shown in Figure 4, it is apparent that the path from S0-ZZ to S1S0-2 has a small barrier 
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of 3.7 kcal/mol in the S1 state; while, it is barrierless from S0-ZZ to S1S0-1. This explains the 
trends about the preference of the S1→S0 hopping regions observed in our dynamical results. 
             
Figure 4. OM2/MRCI optimized (S1) minimum-energy paths along the clockwise (red) and 
counterclockwise (blue) isomerization directions. 
Figure S5 shows the time-dependent state populations of both S1 and S0 states on the basis of 
the nonadiabatic trajectories. It is clear that in the first 25 fs, there is no excited-state hopping 
occurring. This period corresponds to the S1 excited-state relaxation from the Franck-Condon to 
conical intersection regions. After that, the hopping takes place and the S1 state population starts 
to decrease gradually to zero at the end of 300 fs simulation time. Of course, in the same time, the 
S0 state population increases accordingly. Through fitting the S1 state population via a simple 
exponential function of y = exp( − (t − t0) / k) in which t0 = 22 fs, the S1 excited-state lifetime i.e. 
t0 + k  is estimated to be 69 fs, which is close to those of previously studied AB derivatives.
16,32,33,36 
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The distribution of final products at the end of 300 fs simulation time is shown in Figure S6. It 
is clear that there are three main product regions: 41% of trajectories stay in the region near S0-
ZZ; 43% stop in the region near S0-ZE with the clockwise C2’N3’N4’C5’ dihedral angle; and 16% 
are in the region near S0-ZE with the counterclockwise C2’N3’N4’C5’ dihedral angle. This final 
product yield is consistent with our electronic structure calculations. As discussed above, for S0-
ZZ, only one conformer exists as demonstrated in Figure 4; but, for S0-ZE, there are two 
isoenergetic conformers with the clockwise and counterclockwise dihedral angles. Remembering 
that the ratio of the S1→S0 hoppings via the clockwise S1/S0 conical intersection S1S0-1 and the 
counterclockwise S1/S0 conical intersection S1S0-2 is about 74% vs. 26%, one can deduce that 10% 
[31%] trajectories that hop to the S0 state via the counterclockwise [clockwise] S1/S0 conical 
intersection S1S0-2 [S1S0-1] return to the S0-ZZ region; the remaining 43% and 16% trajectories 
go to the corresponding S0-ZE regions, respectively. Certainly, one should be noted that the above 
analysis is based merely on the final product distribution of 300 fs nonadiabatic dynamics 
simulation, which could only provide some qualitative insights. 
To illustrate the clockwise and counterclockwise excited-state isomerization channels, we have 
plotted the time-dependent changes of the C2N3N4C5 and C2’N3’N4’C5’ dihedral angles in two 
representative trajectories in which the cis-trans photoisomerization takes place to produce S0-ZE 
products, as shown in Figure S7. The left panel shows a trajectory that decays to the S0 state at 53 
fs via the clockwise photoisomerization channel, in which the reaction coordinates, i.e., the 
C2’N3’N4’C5’ dihedral angle, increases from ca. 0° at the beginning, via ca. 90° at the hopping 
time, to ca. 180° at the end; while the C2N3N4C5 dihedral angle just oscillates slightly. On the 
other hand, in the right panel, the C2’N3’N4’C5’ dihedral angle decreases from ca. 0° at the 
beginning, via ca. -90° at the hopping time, to ca. -180° at the end. Figure S8 shows two 
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representative trajectories in which the cis-trans photoisomerization is not completed and finally 
the S0-ZZ reactant is repopulated. 
 
Figure 5. Suggested photoisomerization mechanism of the studied CBA molecule. See text for 
discussion. 
Figure 5 summarizes the photoinduced isomerization and subsequent excited-state decay 
channels for the cis CBA molecule. Considering that both AB units in CBA are chemically 
equivalent, there are two different photoisomerization pathways with respect to the clockwise and 
counterclockwise rotation of the central N=N bond of each AB unit. However, the roles of these 
two pathways differ in the excited-state decay of CBA. In terms of our nonadiabatic dynamics 
simulations, it can be found that the clockwise photoisomerization via S1S0-1 is more favorable 
dynamically than its counterclockwise one via S1S0-2. The yield of trajectories via S1S0-1 versus 
S1S0-2 is estimated to be 74% vs. 26%. The preference of the excited-state decay channel via 
S1S0-1 is essentially from its barrierless photoisomerization path from the Franck-Condon point 
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to the S1/S0 minimum-energy conical intersection S1S0-1. Differing from S1S0-1, there is a subtle 
barrier for the excited-state decay path to S1S0-2, which is calculated to be 3.7 kcal/mol at the 
OM2/MRCI level. This small barrier leads to comparably distinct dynamical outcomes. 
Our present OM2/MRCI calculations complement recent electronic structure calculations by 
Slavov et al. where the S1 and S0 potential energy surfaces, only relevant to the clockwise 
photoisomerization, are explored using the TD-DFT.52 The topological structures of potential 
energy surfaces relevant to the cis-trans photoisomerization from the (Z,Z) to (Z,E) conformers 
are nearly the same as those calculated by us with the OM2/MRCI method. It is an almost 
barrierless process in both TD-DFT and OM2/MRCI levels for the clockwise pathway. Different 
from the clockwise situation, there is a small barrier of ca. 3.7 kcal/mol associated with the 
counterclockwise photoisomerization channel. Nevertheless, this excited-state decay pathway 
cannot be excluded because it contributes about 23% for the excited-state decay of CBA. 
Previously combined experimental and theoretical work believe that the individual AB unit in 
CBA still undergoes the ultrafast Z-E photoisomerization in spite of the associated large steric 
hindrance and internal strain.52 Our current nonadiabatic dynamics simulations support such 
viewpoint from dynamical perspective. In terms of our trajectories, the excited-state decay time is 
estimated to be ca. 69 fs, which is close previously reported values for isolated AB and its variants 
in different surroundings. 
This kind of stereoselectivity for the excited-state decay has been previously found in isolated 
AB by Weingart et al., in which a ratio of ca. 77% vs. 23% is observed between the clockwise and 
counterclockwise photoisomerization pathways.32 Later, one of the authors has found that in 
arylazopyrazole, a similar azo system, this stereoselectivity can be increased to ca. 97% vs. 3%.96 
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Motivated by this work, Pang and coworkers have recently this ratio can reach to ca. 99.7% vs. 
0.3% in azoheteroarene systems.101 All these path selectivity are caused by the fact that there are 
two different extent barriers associated with the clockwise and counterclockwise 
photoisomerization channels. Nevertheless, it should be stressed that to our best knowledge, this 
kind of stereoselectivity of excited-state decay is not reported for cyclic multiple AB systems. Our 
work demonstrates that this interesting phenomenon could be available in the complex cyclic 
system in which the AB units are linked by covalent bonds. 
CONCLUSION 
In summary, we have employed OM2/MRCI-based full-dimensional nonadiabatic dynamics 
simulation method to explore the S1 photoisomerization mechanism and subsequent S1→S0 
excited-state decay dynamics of a macrocyclic biazobenzene (CBA) molecule in which the two 
AB units are linked by covalent bonds. In terms of our electronic structure calculations, two 
relevant S1/S0 minimum-energy conical intersection structures are determined, which are 
responsible for the excited-state decay. Importantly, these two different conical intersections lead 
to two comparably important stereoselective photoisomerization and excited-state decay pathways, 
which separately correspond to the clockwise and counterclockwise photoisomerization motions 
with respect to the rotation of the N=N double bond of the central azo group. In both excited-state 
decay pathways, the excited-state isomerization and decay are found to be ultrafast and finished 
within ca. 69 fs, as estimated from on our dynamical trajectories. The most important finding is 
that our dynamics simulations reveal that the clockwise isomerization channel is much more 
favorable than the counterclockwise one with a ratio of 74% vs. 26%. Considering recent works, 
this ratio could be further enhanced to produce nearly exclusive stereoselective excited-state decay 
channel, which is very important for the realization of photoinduced molecular motors in which 
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the unidirectional motion is necessary. In one word, we have computationally demonstrated that 
stereoselective pathways not only exist in the photoisomerization of isolated azobenzene-like 
systems but also could be available in some macrocyclic systems with multiple AB units with 
strong steric hindrance and internal strain. This finding could pay the way for controlling the 
photodynamics of photoswitchable macrocyclic systems.  
Supporting Information 
Active orbitals in OM2/MRCI calculations, additional figures and tables, and Cartesian 
coordinates of all optimized structures. 
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